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Abstract Phenylalanine ammonia-lyase (EC 4.3.1.5) is a key
enzyme in the secondary metabolism of higher plants catalyzing
the non-oxidative conversion of L-phenylalanine into trans-
cinnamate. The nucleotide sequence of its 2.2 kb gene was
designed for expression in Escherichia coli and synthesized in a
single reaction from 108 oligonucleotides using assembly PCR.
After amplification, the gene was cloned into the expression
vector pT7-7 and coexpressed with the chaperone HSP-60
system. The expression system yielded 70 mg of fully active
enzyme per liter culture.
z 1999 Federation of European Biochemical Societies.
Key words: Gene synthesis ; Phenylpropanoid metabolism;
HSP-60 chaperone coexpression; Codon usage;
Inclusion body
1. Introduction
Phenylalanine ammonia-lyase (PAL) catalyzes the non-oxi-
dative conversion of L-phenylalanine into trans-cinnamate,
which is the precursor of a great variety of phenylpropanoids
such as lignins, £avonoids, and coumarins [1,2]. Previously,
the reaction had been considered a Friedel^Crafts-like reac-
tion [3] using a dehydroalanine formed autocatalytically from
a serine. The structure analysis of the homologous enzyme
histidine ammonia-lyase [4] (EC 4.3.1.3) following a similar
mechanism [3] demonstrated, however, that the reactive elec-
trophile is a 4-methylidene-imidazole-5-one (MIO). MIO is
formed from the chain segment Ala-Ser-Gly in an autocata-
lytic reaction resembling the chromophore formation of the
green £uorescent protein [5]. Since it plays a central role in the
multibranched phenylpropanoid metabolism, PAL is an ex-
tensively studied plant enzyme and a potential target for her-
bicides [2]. Unfortunately, heterologous expression of the 2.2
kb PAL gene from parsley (Petroselinum crispum) in Esche-
richia coli [6] failed to yield enough protein for an intended
structure analysis.
Several reasons for low production rates in E. coli are pres-
ently discussed, one of them is improper codon usage [7,8].
The PAL gene from parsley contains numerous low-usage
codons distributed all over the gene. This problem cannot
be solved by coexpression of a rare tRNA [9], and it is in-
e⁄cient to change these codons by site-directed mutagenesis.
We therefore decided to redesign the whole gene for the ex-
pression in E. coli [10]. Previously, gene synthesis had been
performed by ligation [11,12], by the FokI method [13], by
self-priming PCR [14], and by assembly PCR [15]. We decided
to use assembly PCR with a batch synthesis from 108 oligo-
nucleotides as illustrated in Fig. 1. Since E. coli shows a ten-
dency to dump eukaryotic proteins in inclusion bodies [16], we
also applied a chaperone coexpression system to increase the
cytosolic expression [17,18].
2. Materials and methods
2.1. Gene design and synthesis
Parsley contains four distinct PAL genes [19]. The gene coding for
PAL1 (716 amino acids, 77828 Da) was de novo designed using the
program package HUSAR (EMBL Heidelberg; http://genius.emb-
net.dkfz-heidelberg.de). We only applied codons preferred by E. coli
and introduced silent point mutations in order to avoid secondary
structures and to also create eight restriction sites. Finally, 108 oligo-
nucleotides (106U40 nt, 1U41 nt, 1U42 nt) were purchased from
GIBCO Lifetechnologies (Karlsruhe, Germany) at a scale of 50 nmol.
Every dried down oligonucleotide was resuspended in distilled
water to a concentration of 250 WM and 1 Wl amounts of each of
these solutions were combined to give 108 Wl mixture. For the batch
synthesis, 0.2 Wl of this mixture were added to 20 Wl PCR-mix-1 (2 Wl
10UPfu bu¡er, 0.25 mM of each dNTP, 1.25 U of Pfu DNA poly-
merase from Stratagene). The ¢rst PCR program was performed with
55 cycles of 94‡C for 30 s, 55‡C for 30 s and 72‡C for 30 s (Fig. 1).
Subsequently, 6 Wl of the batch were added to 14 Wl fresh PCR-mix-1
and the second PCR program was started. It consisted of 52 cycles of
94‡C for 30 s, 55‡C for 30 s and 72‡C for (60+cycle number) s.
Finally, 2.5 Wl of the batch were added to 97.5 Wl PCR-mix-2 (10 Wl
10UPfu bu¡er, 0.25 mM of each dNTP, 3.75 U of Pfu DNA poly-
merase from Stratagene) containing both outside primers at concen-
trations of 1 WM. The primers were oligonucleotides no. 01 and no. 55
representing the 5P-ends of both strands. Finally, the last PCR pro-
gram (25 cycles at 94‡C for 30 s, 55‡C for 30 s and 72‡C for 300 s)
followed.
After checking the product on an analytical 1% agarose gel, the
mixture was puri¢ed (PCR-Puri¢cation Kit, QIAGEN) and digested
with NdeI and HindIII. The 2.2 kb band was then extracted from a
preparative 1% agarose gel (QIAquick Gel Extraction Kit, QIAGEN)
and cloned into vector pT7-7 using standard procedures.
The DNA sequence was determined using a blotter (GATC-1500)
with Thermo Sequenase (Amersham). For mutagenesis we applied the
mega-primer method [20] and QUICKchange (Stratagene). For coex-
pression with chaperones we transformed [21] E. coli BL21(DE3) har-
boring pT7-7(PAL) (ampicillin resistance) with the HSP-60 system-
containing expression vector pREP4-groESL (kanamycin resistance;
P. Caspers, Ho¡mann-La Roche).
2.2. Protein expression and puri¢cation
E. coli BL21(DE3) transformed with plasmids pT7-7(PAL) and
pREP4-groESL was grown at 37‡C in 6U250 ml LB medium with
100 Wg/ml ampicillin and 25 Wg/ml kanamycin. At an OD578 of 0.9 the
temperature was lowered to 20‡C and the cells were induced with
1 mM IPTG, further cultivated for about 20 h and harvested by
centrifugation. All subsequent handling was carried out at 4‡C. The
pellet was resuspended in 30 ml 50 mM KH2PO4 pH 7.6, 1 mM
PMSF, 250 U of Benzonase (Merck) and sonicated. After centrifuga-
tion (60 min at 50 000Ug) the crude extract was dialyzed overnight
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against 20 mM KH2PO4 pH 7.6 (bu¡er A) with 1 mM PMSF. Mod-
ifying a previously described protocol [6], the protein solution was
applied to an ion exchange column (Source Q, Pharmacia) and eluted
with bu¡er A containing 1 M NaCl. The PAL-containing fractions
were concentrated and applied to a gel ¢ltration column (Superdex
200, Pharmacia) using 150 mM KH2PO4 pH 7.6, 600 mM NaCl and
3% (w/v) maltose.
2.3. Enzyme activity and crystallization
PAL activity was determined by monitoring the reaction product
trans-cinnamate [22] at 290 nm (O290 = 104 M31 cm31). The assay
contained 0.1 M Tris-HCl pH 8.8 and 20 mM L-phenylalanine and
was performed at 30‡C. For crystallization, the protein was concen-
trated to 10 mg/ml (Centriprep, Millipore), dialyzed against deionized
water, and used in a hanging drop screening procedure [23]. Crystals
grew in a 1:1 mixture of the protein with 0.1 M sodium acetate pH
4.6, 2^3% PEG 4000, 10 mM LiCl. They were generally accompanied
by protein precipitation.
3. Results and discussion
In order to express milligram amounts of PAL in E. coli, we
have synthesized a gene coding for the 716 amino acids of
PAL by assembly PCR [15]. To our knowledge this is the
largest synthetic gene published so far, longer synthetic
DNA sequences have been described for entire plasmids
[13,15]. For this purpose, we designed 108 oligonucleotides
(106U40 nt, 1U41 nt, 1U42 nt) coding for both strands of
the gene. We decided to use short oligonucleotides in order to
limit synthesis errors. The overlapping stretches of comple-
mentary oligonucleotides were always 20 nt in length (Fig.
1). Eight restriction sites (EcoRI, NdeI, PstI, XmaI, PvuI,
SalI, BamHI, HindIII) were introduced to facilitate future
cloning and mutagenesis studies. The nucleotide sequence
identity between the PAL gene from parsley and the designed
synthetic gene was as low as 75%.
Following Stemmer et al. [15], the assembly PCR was car-
ried out in one batch: (i) single stranded ends of complemen-
tary oligonucleotides were ¢lled in and increasingly larger
fragments were created until the full length gene was obtained
after at most 107 cycles (Fig. 1); (ii) the resulting gene was
ampli¢ed and run on an agarose gel (Fig. 2); (iii) the gene was
extracted from the gel, cut with NdeI and HindIII, and cloned
into the expression vector pT7-7.
Surprisingly, the agarose gel showed two major bands, one
with the expected length of 2.2 kb, the other with 1.1 kb
(Fig. 2). To remove the shorter band, we repeated the ampli-
¢cation step, but obtained the same two bands, indicating that
the 1.1 kb product contained the correct sequence at both
ends. A re-evaluation of all 106 complementary 20 nt seg-
Fig. 1. Synthesis of a designed gene coding for PAL from parsley
by the PCR-based gene assembly method [15]. The gene was as-
sembled from a total of 108 oligonucleotides, in general 40-mers.
During the ¢rst PCR cycle a duplex is formed between adjacent oli-
gonucleotides (e.g. A+B). The following 106 cycles result in the inte-
gration of other oligonucleotides giving rise to the full length gene.
The gene is then ampli¢ed with the two outside primers, i.e. with
the ¢rst and the last oligonucleotide (no. 01 and no. 55).
Fig. 2. Analytical agarose gel electrophoresis after gene ampli¢ca-
tion. Lane 1, V DNA-BstEII standard (New England Biolabs); lane
2, result of the ampli¢cation step showing the 2.2 kb PCR product,
the second band is a an artefact probably caused by an incorrect
match. It was separated by gel extraction.
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ments of the oligonucleotides (Fig. 1) revealed a match be-
tween segments no. 30 and no. 82 (10 G-C and 3 T-A pairs) to
be the best incorrect ¢t. This match results in a 1.1 kb artefact
and therefore explains the additional band.
After cloning the 2.2 kb band into plasmid pT7-7, diges-
tions with the respective restriction enzymes demonstrated
that all six internal restriction sites were present. A more de-
tailed analysis of the DNA sequence showed, however, that
the reaction had caused seven point mutations. One of them
was a silent mutation, two mutations caused amino acid ex-
changes, and four single bases were missing. Possibly, the
unexpected high error rate was caused by incorrect oligonu-
cleotides. The raw synthetic gene was then corrected to the
designed sequence using a standard point mutation procedure.
The designed sequence is given in Fig. 3.
An expression of this arti¢cial gene in E. coli at 37‡C re-
sulted in inclusion body formation; only a small fraction of
the enzyme remained in the cytosol and showed activity. This
phenomenon is known for the expression of numerous eu-
karyotic proteins in E. coli [16,18]. In order to increase the
cytosolic expression, we lowered the incubation temperature
to 20‡C and added a plasmid carrying the HSP-60 system to
the E. coli strain containing plasmid pT7-7(PAL). This pro-
cedure resulted in a dramatic increase of active PAL. After
puri¢cation we obtained 70 mg pure PAL per l culture with a
speci¢c activity of 2.4 U/mg, which is in the reported range
[24].
The di¡erence between the reported and an earlier [6] ex-
pression system is illustrated in Fig. 4. The previously de-
scribed expression with the plant gene was low and no inclu-
sion bodies were produced at 37‡C. The expression with the
designed gene at 37‡C resulted in inclusion bodies containing
most of the protein, and it retained about as much active PAL
Fig. 3. Arti¢cial gene of phenylalanine ammonia-lyase from parsley as designed for expression in E. coli. The length is 2183 bp. The translated
part is in capital letters. The restriction sites are underlined, the respective restriction enzymes can be deduced from Fig. 1.
Fig. 4. SDS-PAGE of PAL expression in E. coli. Lane 1, molecular
mass markers (94, 67, 43, 30 kDa); lane 2, supernatant after cell ly-
sis of a previously described expression system in E. coli
BL21(DE3) [6] that produced no inclusion bodies at 37‡C; lane 3,
supernatant after cell lysis of the reported expression system in
E. coli BL21(DE3) (coexpression of the HSP-60 system) that pro-
duced no inclusion bodies.
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in the cytosol as the previous expression system. By cultivat-
ing at 20‡C (factor of 60) and by adding the chaperone system
(factor of 2) the amount of cytosolic active PAL increased by
a total factor of 120. The resulting enzyme was puri¢ed and
used for crystallization. The initially obtained crystals dif-
fracted merely to 6 Aî resolution and showed some disorder
preventing an X-ray structure analysis. Crystal improvement
trials are undertaken, among them are mutations for changing
the protein surface [25,26]. The successful design and synthesis
of the PAL gene con¢rms the usefulness of this approach for
expressing an eukaryotic gene of interest in a simple expres-
sion system like E. coli.
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